Introduction
Programmed cell death, or apoptosis, is a regulated process of fundamental significance in the maintenance of homeostasis in multicellular organisms. Hence, it is obvious that a variety of disorders are associated with an excess of cell death or increased cell survival. Apoptosis is accompanied by characteristic changes of the cell morphology among which shrinkage, membrane blebbing, and nucleus condensation are the most frequently evoked (1) . Budding and disintegration by fragmentation in multiple bodies is the ultimate stage of this death process (2) . Early transverse redistribution of plasma membrane phosphatidylserine is another ubiquitous feature of cells undergoing apoptosis independently of the triggering signal (3) . This aminophospholipid is almost entirely sequestered in the plasma membrane inner leaflet of non-stimulated cells (4) . When exposed, phosphatidylserine becomes a determinant for phagocyte recognition of cells to be cleared (5) (6) (7) (8) . This elimination pathway, involving several possible receptors (9) , is believed to be highly efficient, explaining why apoptotic cells are hardly detectable in vivo.
Most of the studies have focused on cells, and recent observations stress that phosphatidylserine exposure could have an impact in the development of procoagulant and/or immune responses (10-13). However, phosphatidylserine-dependent procoagulant activities have been detected in the supernatant of THP-1 monocytic cells in which apoptosis had been induced (13) . On a functional basis, these membrane-associated activities were not different from those of (micro)particles derived from the plasma membrane of endotoxin-stimulated monocytes (14) or ionophore-activated Epstein-Barr virus-infected B lymphocytes (15, 16) . This prompted us to search for a possible relationship between the degree of apoptosis in cultured cells and the shedding of particles probably stemming from surface blebs. The high affinity of annexin V for phosphatidylserine (17) enabled the capture of such particles and the estimation of the amount with respect to their procoagulant phospholipid content. Because a clear correlation was evidenced, this approach was used to assess the presence of circulating particles in vivo which could reflect ongoing apoptosis. HIV infection is one of the situations where programmed cell death is thought to occur at a high degree, although the mechanism of activation by viruses has not yet been elucidated (1, 18, 19) . The loss of circulating CD4 ϩ T cells is the hallmark of in vivo HIV infection, and it is, of course, tempting to incriminate apoptosis. Despite the lack of evidence that HIV activates the death program in cells it infects (19), it can be assumed that circulating CD4
ϩ apoptotic particles are of particular significance, especially in a context where 98% of the cells reside in the lymphoid tissues and the 2% which circulate may disappear. This is why this part of the study was carried out in peripheral blood samples from HIV-1-infected individuals.
Methods
Materials. Cell culture reagents were from Life Technologies (European Division, Paisley, UK), except X-VIVO 15, which was from BioWhittaker (Walkersville, MD). mAbs to CD4, CD11a, CD18, as well as control IgG1, all conjugated with FITC were from Immunotech (Marseilles, France). Biotinylated mAbs to CD4, CD11a, CD14, irrelevant biotinylated IgGs, and nonconjugated mAb to CD4 were from The first two authors contributed equally to this work.
Leinco Technologies (Ballwin, MO). The mAb to human platelet glycoprotein Ib (GP Ib) was a kind gift from Dr. F. Lanza (Unité 311 INSERM, Strasbourg, France). Human blood coagulation factors were the same as those used in a recent study reported by our group (13) . Factor V was a product from Diagnostica Stago (Asnières, France). Natural annexin V was purified from human placenta and characterized according to a previous report (20) . Recombinant human annexin V was purchased from Bender MedSystems (Vienna, Austria). High binding capacity streptavidin-coated microtitration plates, 1-O -n -octyl-␤ -D -glucopyranoside, biotin-X-OSu, Chromozym TH, and mAb to CD4 were from Boehringer Mannheim (Mannheim, Germany). Actinomycin D, cycloheximide, etoposide, 7 ␤ -hydroxycholesterol (7 ␤ -OH), 1 25-hydroxycholesterol (25-OH), propidium iodide (PI), phosphatidylcholine and phosphatidylserine from bovine brain, type I-A RNAse A, and HSA were products from Sigma Chemical Co. (St. Louis, MO). Recombinant human TNF-␣ was from Genzyme Corp. (Cambridge, MA). D -phenylalanyl-prolyl-arginyl chloromethyl ketone (PPACK) and 1,5-dansyl-glutamyl-glycyl-arginyl chloromethyl ketone (Dns-GGACK) were obtained from Calbiochem Corp. (San Diego, CA). All other reagents were of the highest available purity grade.
Cell culture. Myeloid U-937 and HL-60 were cultured in RPMI 1640 medium with glutamax-I and phenol red, supplemented with nonessential amino acids, sodium pyruvate (1 mM), gentamycin, and 10% heat inactivated FCS at 37 Њ C in humidified 5% CO 2 atmosphere. Monocytic THP-1 cells were cultured in the above medium supplemented with 2 M ␤ -mercaptoethanol. Lymphoid CEM T cells were cultured in X-VIVO 15 medium. Cell counts were determined using a hemocytometer.
Induction of apoptosis. Cells were seeded at 3 ϫ 10 5 cells per ml 6 h before treatment. Oxysterols (OS) were dissolved in ethanol at 10 Ϫ 2 M and added to culture medium at final concentrations indicated in Results. For each experiment, a control was performed in which the ethanol concentration was the same as that contributed by OS addition. Other apoptosis inducing agents were added from aqueous stock solutions at concentrations indicated in Results. THP-1 treatments for the assay of procoagulant activities in the supernatant were performed exactly as described in reference 13 except culture medium did not contain FCS and phenol red.
Cell labeling and flow cytometry analysis. Cells were numbered, and 1 ϫ 10 6 were collected and washed twice with HBSS containing 1% (wt/vol) BSA. The mAbs were then added to each sample according to manufacturer's instructions and the solutions were incubated 30 min in the dark at 4 Њ C. The cells were washed twice in HBSS and were immediately analyzed by flow cytometry using a FACScan ® flow cytometer (Becton Dickinson, San Jose, CA). The sheath fluid was Isoton II balanced electrolyte solution (Coulter, Krefeld, Germany). Data acquisition and analysis were conducted with Lysis II software. For each cell sample, a total of 10 4 events was analyzed. Data are expressed according to the ratio (MFI SS -MFI SC )/(MFI CS -MFI CC ), where MFI SS is the mean fluorescence intensity (MFI) recorded when the treated sample was in the presence of specific mAb, MFI SC when in the presence of irrelevant mAb, MFI CS that of untreated, i.e., control sample in the presence of specific mAb, and MFI CC when in the presence of irrelevant mAb.
Procoagulant activities in the supernatant of oxysterol-treated THP-1 cells. After a 24 h incubation with oxysterols, supernatants were separated from cells by centrifugation at 600 g. Tissue factor and prothrombinase activities were measured in 100 l of each supernatant exactly as described in reference 13.
Determination of hypodiploid DNA. After the different treatments, cells were harvested and numbered. Concentration was adjusted to 10 6 cells per ml of 70% ethanol and fixation was allowed to proceed during at least 1 h at 4 Њ C. The cells were then washed once in PBS before resuspension in a solution containing type I-A RNAse A in PBS (0.5 mg/ml) and were incubated 15 min at 37 Њ C. Propidium iodide was next added at a final concentration of 10 g/ml before flow cytometry analysis. Samples were allowed to stand another 15 min in the dark at room temperature.
Preparation of cell culture supernatants and platelet-free plasma samples. Cell supernatants were obtained by centrifugation during 10 min at 600 g. The CaCl 2 concentration was adjusted to 10 mM just before addition in wells of the titration plate. Blood samples, 5 ml, were collected from informed and consenting healthy volunteers and HIV-1-infected individuals, by vein puncture in 0.138 M tri-sodium citrate at a final volume ratio of 9:1. Plasma was obtained by centrifugation at 1,500 g for 10 min at room temperature. Platelet-free plasma was prepared by centrifugation of the above plasma at 12,000 g for 1 min at room temperature. Just before addition in wells of the titration plate, PPACK and Dns-GGACK, two potent irreversible inhibitors of thrombin, and factor Xa, respectively, were added to samples at a final concentration of 10 M each. Samples were then recalcified by addition of 30 mM CaCl 2 (final concentration, yielding ‫ف‬ 10 mM free Ca 2 ϩ ) and were immediately layed into the wells of the microtitration plate previously coated with biotinylated annexin V.
Biotinylation of annexin V and mAb to platelet GP Ib. Biotinylation of natural or recombinant annexin V was achieved at a 5:1 biotin/ protein M ratio. Biotin-X-OSu diluted in DMSO was added to annexin V in 75 mM phosphate buffer, pH 7.7, containing 200 mM NaCl. After 90 min at 25 Њ C, the reaction was stopped by adding lysine at a final concentration of 10 mM. Biotinylated annexin V was dialyzed overnight against 3 ϫ 500 vol of 75 mM phosphate storage buffer, pH 7.7, containing 200 mM NaCl and 10 mM lysine. Natural and recombinant biotinylated annexins were indistinguishable with respect to capture ability. Biotinylated mAb to GP Ib was obtained by the same procedure.
Microparticle capture by immobilized annexin V. Biotinylated annexin V (annexin V Bi ) was insolubilized onto streptavidin-coated microtitration plates by contact of 100 l/well of 400 ng/ml annexin V Bi diluted in TBS-Ca 2 ϩ (50 mM Tris buffer, pH 7.5, containing 120 mM NaCl, 2.7 mM KCl, 1 mM CaCl 2 ) supplemented with 45 M HSA. Incubation was performed during 30 min at room temperature. The plates were then washed three times with 250 l/well of TBS-Ca 2 ϩ . 200 l/well of cell supernatant or platelet-free plasma was then added and allowed to be in contact with insolubilized annexin V Bi for 30 min at room temperature. Plates were washed three times with TBS-Ca 2 ϩ , and anionic phospholipid content was determined by prothrombinase assay as described below.
Antigenic capture and characterization of released particles. Biotinylated antibodies were insolubilized onto streptavidin-coated microtitration plates. This was performed by adding 100 l/well of each antibody solution (1 and 10 g/ml in TBS containing 45 M HSA for cell culture supernatant and platelet-free plasma samples respectively) during 30 min at room temperature. The plates were then washed three times with 250 l TBS. 200 l/well of cell culture supernatant or platelet-free plasma was added and allowed to incubate for 2 h at room temperature before the plates were washed three times with TBS. Microparticle detection was achieved by prothrombinase assay as described below. Background values obtained with irrelevant IgGs were subtracted from those measured with specific mAbs.
In some control experiments, nonconjugated mAb to CD4, or irrelevant IgG, were added to platelet-free plasma from HIV-1 ϩ or normal subjects at the final concentration of 10 g/ml, i.e., that used for insolubilization of corresponding biotinylated antibody. Incubation was allowed to proceed for 1 h at room temperature before loading the samples into wells coated with insolubilized mAb to CD4 or irrelevant IgG, or annexin V, for particle capture and estimation.
In other control experiments aiming at evaluating the proportion of circulating particles of platelet origin, the plasma samples were preincubated in wells bearing insolubilized mAb to GP Ib or irrelevant IgG during 2 h at room temperature before being loaded into wells with insolubilized annexin V or GP Ib or irrelevant IgG for the capture and estimation of remaining particles.
Prothrombinase assay for the estimation of the amount of captured cell fragments. Phosphatidylserine was measured through its ability to promote the activation of prothrombin to thrombin. In the assay the blood clotting factor concentrations have been determined to ensure that this phospholipid is the rate-limiting parameter of the reaction. Immobilized particles were incubated in a final volume of 150 l with factor Xa (11.2 pM), factor V(a) (33.3 pM), prothrombin (1.2 M), and 2.2 mM CaCl 2 in TBS containing 45 M HSA. After a 2 h incubation at 37 Њ C, the reaction was stopped by addition of 5 mM EDTA. Chromozym TH, a chromogenic substrate for thrombin, was then added at a final concentration of 300 M. Linear absorbance changes were recorded at 405 nm using a microtitration plate reader equipped with a kinetics software. Results were expressed as nanomolar phosphatidylserine equivalent by reference to a standard curve constructed by using liposomes of defined composition. The liposomes containing 33% phosphatidylserine and 67% phosphatidylcholine (mol/mol) were prepared and observed by electron microscopy according to reference 21. In case some samples yielded values higher than the upper limit of the linearity range (10 nM), they were diluted and the results were expressed taking into account the dilution factor. Background values obtained in the absence of annexin V Bi or biotinylated mAbs never exceeded 0.5 nM phosphatidylserine equivalent, even in samples with the highest particle content, and were subtracted from all the data presented in this study.
Results

Procoagulant activities in the supernatant of THP-1 cells treated with oxysterols.
Analyses of the supernatant of oxysteroltreated cells revealed augmented tissue factor activity when compared to untreated cells. The increase of tissue factor activity was more pronounced with 7 ␤ -OH than with 25-OH. The variations of tissue factor activity detected in supernatant likewise that associated to cells seemed to be related to the rate of OS-induced apoptosis (13) . Tissue factor is a membrane glycoprotein with procoagulant activity dependent on phosphatidylserine and phosphatidylethanolamine (22). The participation of phosphatidylserine was confirmed by a specific prothrombinase assay and by annexin V binding (13) . These observations suggested that the presence of particles in the supernatant correlated with the degree of apoptosis.
In vitro apoptosis of oxysterol-treated cells and release of particles in the supernatant. U-937 were treated for 24 h with each oxysterol or combination of both. Cells were recovered and stained with PI as described in Methods while supernatants were assayed for particles. Results are presented in Fig.  1 . The morphological characterization of apoptotic cells and the electrophoresis analysis of extra-nuclear DNA yielded information that was identical to that reported elsewhere (23) . The proportion of released particles in supernatant paralleled the degree of apoptosis evaluated at the cell level. When 7 ␤ -OH and 25-OH were added together, their effects were not additive. Fewer particles were measured compared to 7 ␤ -OH alone and this was reflected precisely by the proportion of cellular hypodiploid DNA. However, in HL-60 cells, the combination of the two OS resulted in additive effects (data not shown). These results show that particle shedding is not restricted to U-937 cells.
When examined by flow cytometry, particles released in the supernatant had light scatter parameters comparable to those of liposomes of mean diameter of 0.15 m, with extremes at 0.03 and 0.3 m (21), or of microparticles shed from the monocyte membrane (14) .
Induction of apoptosis in U-937 cells by other agents. To assess induced particle formation by agents other than OS, U-937 cells were treated with different compounds at concentration known to induce apoptosis in this cell line. TNF-␣ (24), etoposide or VP-16 (25) , cycloheximide and actinomycin D (26) were used. Comparative results are presented in Fig. 2 . Whatever the treatment, the amount of particles in the supernatant was proportional to hypodiploid DNA estimated in corresponding cells. Although the amplitudes were dependent on the different classes of agents, this confirms that particle release is not restricted to OS and parallels DNA cleavage.
Kinetics of particle shedding and DNA fragmentation. U-937 cells were treated with either ethanol (control) or 30 M 7 ␤ -OH during 24 h. At different times, cells and corresponding supernatants were harvested and analyzed for hypodiploid DNA and evaluation of vesicle proportion respectively. Results are presented in Fig. 3 . After 8 h, augmentation of hypodiploid DNA and particles was detectable. Both parameters increased almost in parallel. Comparable results were obtained with HL-60 except that the evolution was slightly more rapid (data not shown).
Correlation between hypodiploid DNA and particle shedding. Dose-response dependence of the proportion of cells with hypodiploid DNA and of the degree of particle shedding on the concentration of apoptosis inducers was studied. The proportion of cells with hypodiploid DNA is a widely used parameter for the estimation of the degree of apoptosis. The representative results shown in Fig. 4 confirm the dose-response relationships in CEM T cells and U-937 cells treated with actinomycin D at various concentrations during 18 h. The degree of particle shedding closely paralleled the proportion of cells with hypodiploid DNA. These two parameters were strongly correlated with a calculated coefficient, r , of ‫ف‬ 0.98 for both cell types. When 7 ␤ -OH was the inducer of apoptosis in U-937 cells, a threshold was observed at 5 M for the increase of both hypodiploid DNA and particle shedding which remained correlated with a calculated coefficient of 0.95 (data not shown). Similar results (not shown) were obtained with HL-60 cells treated by either 7␤-OH or actinomycin D, again with a threshold at 5 M for 7␤-OH, the correlation coefficients being 0.95 and 0.97, respectively. As already mentioned above for Fig. 2 , the amplitudes remained dependent on cell type and agent nature, but this had no effect on the correlation itself. Taken together, these results demonstrate that released particles bearing exposed phosphatidylserine are a valuable parameter for the estimation of the degree of cell apoptosis.
The fate of membrane antigens in apoptotic cells. When U-937 were treated during 16 h with 30 M 7␤-OH or 25-OH and were further analyzed by flow cytometry for the presence of membrane antigens, a clear-cut reduction of cell surfaceassociated CD4, CD11a, and CD18 was noticed in treated cells (Fig. 5) . The amplitude of the decrease was related to the na- 
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The correlations between the proportion of events with hypodiploid DNA and the degree of particle release are shown for both apoptotic cell types. The corresponding correlation coefficients, r, calculated from linear regression using least squares to fit the data points, were 0.979 for CEM T cells and 0.977 for U-937 cells.
ture of the agent causing apoptosis. Treatment with 7␤-OH induced a fluorescence decay of ‫ف‬ 50% of any of the three antigens while the decay was of the order of 20% with 25-OH. When flow cytometry analyses were performed on saponinpermeabilized cells, identical results were obtained (data not shown). The antigen loss was concomitant with cell shrinkage and was proportional to the degree of apoptosis estimated by hypodiploid DNA (Fig. 1) . If it is assumed that antigen loss is related to the release of particles, the latter must carry some of these membrane molecules.
Antigenic characterization of shed membrane particles. In order to identify particle-associated antigens, supernatants were incubated with corresponding insolubilized monoclonal antibodies. Captured particles were revealed through their phosphatidylserine content. Results obtained from control and 7␤-OH-treated U-937 cells are presented in Table I . The amount of captured particles was dependent on the degree of apoptosis and antigen proportion. Antigen representation was related to that found on cells. Thus mAb to CD11a retained more particles than mAb to CD4 which itself bound slightly more particles than control IgG1. Nevertheless, when apoptosis was induced in CEM T cell line, the proportion of retained particles by mAb to CD4 was higher than that obtained with apoptotic myeloid cell lines (data not shown). No direct comparison between capture by annexin V and mAb could be done because preincubation times and affinities for the respective ligands are certainly different. However, these experiments establish that particles from supernatant bear a proportion of antigens found on the corresponding cell surfaces. *Cells were treated as described in Fig. 5 . The corresponding supernatants were incubated in the presence of insolubilized annexin V (A-V), anti-CD4, anti-CD-11a, and control IgG1. These values were determined using the prothrombinase assay in which phosphatidylserine is the rate-limiting parameter (Methods). They are the meanϮSD of three independent experiments (each with triplicate samples).
Capture and antigenic characterization of circulating particles in blood samples from HIV-infected individuals.
Because apoptotic cells are rapidly removed from blood and tissues by phagocytes, the possibility of a longer half-life of derived particles remains an open question, especially under circumstances believed to favor apoptosis. Blood samples from control and HIV ϩ individuals were collected and prepared as described in Methods for the determination of circulating particles. The two groups were sex and age matched as closely as possible. The HIV ϩ subjects constituted an unselected heterogeneous group. The results presented in Fig. 6 show that samples from HIV-infected individuals were more variable with respect to their particle contents than those from control subjects. Some were in the same range as control values, but lower and much higher values were recorded.
To establish the tissue origin of circulating particles, the latter were captured by insolubilized anti-CD4 mAb and their phosphatidylserine content was estimated using the prothrombinase assay as described in Methods. The results are shown in Fig. 7 , together with those of the capture by insolubilized annexin V and of the tentative capture by immobilized anti-CD14 mAb. There is a clear evidence that a substantial proportion of particles captured by annexin V also bore CD4, whereas anti-CD14 mAb was unable to retain circulating particles. Interestingly, one patient with a circulating CD4 ϩ particle level of 17.5 nM phosphatidylserine equivalent has been clinically asymptomatic for Ͼ 5 yr although his CD4 ϩ T cell count has consistently been below 50 cells/mm 3 during this period. Four other patients with Ͻ 50 CD4 ϩ T cells/mm 3 had normal levels of CD4 ϩ particles and presented a relatively satisfactory clinical status. In control subjects, the levels of circulating CD4
ϩ particles were about three times lower than those detected after capture by annexin V but higher than control values obtained with irrelevant IgG1. This observation is suggestive of a certain continuous turnover in the CD4 ϩ T cell population. In samples preincubated with soluble mAb to CD4 at only 10 g/ml ‫ف(‬ 60 nM), a reduction of anti-CD4-captured particles of ‫ف‬ 60% was noticed in those from three HIVinfected individuals with values ranging between 10 to 16 nM phosphatidylserine equivalent in the absence of soluble antibody. In the pool of plasma samples from control subjects, this reduction was only 25%, but consistent with lower capture levels by insolubilized mAb to CD4 than with insolubilized annexin V. No reduction of annexin V-captured particles was noticed with any of these samples preincubated with soluble anti-CD4 mAb.
Preincubation of platelet-free plasma samples in wells coated with insolubilized mAb to platelet GP Ib resulted in reductions of ‫ف‬ 50 and 90% of particle capture by insolubilized annexin V and GP Ib, respectively, in the pool of samples from control subjects. The reduction was Ͻ 10% in the pool of plasma samples from six HIV ϩ individuals containing an average of 12 nM phosphatidylserine equivalent under normal conditions, i.e., without preincubation with immobilized mAb to GP Ib.
To exclude any interference from the virus itself in the annexin V-mediated particle capture, the viral load was determined (27) in two HIV ϩ patients with Ͻ 50 CD4 ϩ T cell/mm 3 and opposing levels of circulating particles at 17.5 and 1.8 nM phosphatidylserine equivalent, respectively. The former presented a moderate viral load of 2 ϫ 10 4 HIV-1 RNA molecules/ml while this parameter was as high as 3 ϫ 10 6 molecules/ ml in the latter. Figure 6 . Estimation of the amount of circulating particles in peripheral blood samples from 44 HIV-infected individuals and 23 control subjects. The particle capture procedure involving insolubilized annexin V is detailed in Methods as well as the assay of their phosphatidylserine content based on the ability of this phospholipid to promote the assembly of the prothrombinase blood clotting enzyme complex. The meanϮSD for the control group is 4.72Ϯ1.37 nM phosphatidylserine equivalent, that of the HIV group 6.27Ϯ5.21, but with a much larger dispersion. Each individual value is the mean of triplicate samples. Figure 7 . The capture of circulating particles in peripheral blood samples from HIV-infected individuals according to the antigen content. The capture procedure involved insolubilized annexin V (A-V), mAbs to CD4 and CD14, and irrelevant IgG1, the latter yielding control values (0.76Ϯ0.35 nM phosphatidylserine equivalent, meanϮSD) which were subtracted from those reported in this figure. The capture level of the anti-CD14 mAb was precisely of the order of that of control IgG1. The meanϮSD of the capture level by anti-CD4 in the HIV group is 6.08Ϯ4.96 nM phosphatidylserine equivalent while it is 1.65Ϯ0.57 in the control group (not shown). See Fig. 6 and Methods for other values and details.
Discussion
The present investigation led to two interesting complementary observations, allowing us to propose another approach of programmed cell death in vivo. The degree of apoptosis is correlated to the amount of particles shed from the membrane of cultured cells in which a death program has been induced. Particles captured in blood samples from HIV-infected individuals have properties comparable to those of their counterparts from cultured cells, and their presence can be related to ongoing apoptosis of a proportion of CD4 ϩ T cells. Phosphatidylserine enabled the capture and estimation of the amount of shed particles. The capture through certain membrane antigens was also feasible, testifying to the tissue origin of the particles.
The correlation between apoptosis and shed membrane particles was demonstrated using four cell lines and six agents able to initiate a cell death program. Among the latter, oxysterols (28) are of particular interest as the effects of 7␤-OH and 25-OH with respect to particle and hypodiploid DNA measurements were not additive in U-937 cells whereas they were in HL-60 cells (23) . In U-937 cells, the lower values obtained with the combination of 7␤-OH and 25-OH than with 7␤-OH on its own exclude a nonspecific destabilizing effect of the plasma membrane since in the first case the oxysterol concentration is twice that of the second one. It is of interest to point out that OS, which are hydroxylation products of cholesterol, have been shown to exhibit angiotoxic potential (29) and to induce apoptosis in cultured endothelial cells (30) . Furthermore, they could be produced during apoptosis as the result of the associated oxidative burst (31).
The parallel of particle release in the supernatant with the decreased binding of DNA-specific dye to apoptotic cells indicates that there was no lag phase between the two processes, and no difference of sensitivity between the two methods.
The presence of membrane antigens in the shed particles allowed their capture by an insolubilized corresponding antibody. Although, the amount was dependent on the antigen nature and/or representation, their identification is certainly useful for the determination of the cellular origin of the particles when necessary. Antigen loss in cells undergoing apoptosis has already been described by other authors (32, 33) . Our results are consistent with antigen exportation in free apoptotic particles, and not with internalization or down-regulation of protein expression.
The above results suggest that released particles are reliable markers of apoptosis induced in cultured cells, despite the fact that the underlying mechanisms responsible for phosphatidylserine transverse redistribution in the plasma membrane and particle shedding are not known. It seems relevant to point out that platelet activation is accompanied by the loss of plasma membrane asymmetry and the emission of vesicles bearing exposed phosphatidylserine (34) . Another striking parallel between activated platelets and apoptotic cells is the participation of Ca 2ϩ -dependent thiol proteases, calpains, in the destabilization of the cytoskeleton (35, 36) . It could therefore be speculated that the activation of a putative nonspecific lipid scramblase (7) results in phosphatidylserine redistribution between the two leaflets of the plasma membrane. However, there exist at least two cases of natural apparent homozygous disruption of an as yet unidentified gene involved in the transmembrane migration of phosphatidylserine without any evidence of altered apoptosis, referred to as patients with Scott syndrome. Although the platelets, erythrocytes, and lymphocytes from these subjects present the Scott phenotype characterized by a dramatic reduction of phosphatidylserine expression and membrane vesicle shedding following activation, bleeding is the only manifestation (15, 16, 37, 38) . For instance, in case of impaired apoptosis, autoimmune disorders directly related to a defect of elimination of auto-reactive lymphocytes should have occurred (1). Furthermore, there was no difference in the calpain-dependent protein cleavage patterns in normal and Scott cells (16, 38) . Finally, it should be added that a specific phosphatidylcholine membrane transporter has been recently identified as the mdr2 gene P-glycoprotein product (39), while MDR1 P-glycoprotein, which confers multidrug resistance in tumor cells, is a short chain lipid translocase of broad specificity (40) .
The demonstration of programmed cell death in vivo is certainly not straightforward (19). Taking advantage of the feasibility of vesicle capture from apoptotic cultured cells, the same high-affinity system was used to assess whether particles with comparable properties would circulate in individuals with disorders susceptible to be related to increased apoptosis. HIV infection is probably one of these situations (18, 19) and therefore constitutes a model in humans where dying cells are hardly accessible. In this respect, it is of particular interest to notice that a proportion of circulating particles carry CD4 antigen. This is suggestive of ongoing apoptosis of the sole CD4 ϩ T cells since such particles could not be captured through CD14. The observation that individuals with CD4 ϩ T cell count below 50 cells/mm 3 and normal to high proportions of particles are asymptomatic long-term survivors is suggestive of the presence of CD4 ϩ T cells residing in lymphoid tissues, a part of them undergoing apoptosis and the other one achieving normal biological functions. On the other hand, when associated with severe CD4 ϩ T lymphocytopenia, low particle levels seem to give a very serious prognosis. This could be confirmed by biopsy but only when judged ethical. Another observation, as yet anecdotal, deserving further examination with a larger selective and homogeneous recruitment of HIV ϩ subjects is that of a possible link between a recent loss of CD4 ϩ T cells and an increase of CD4 ϩ circulating particles reflecting apoptosis, especially in a context where only 2% of such cells are normally found in peripheral blood.
When emerging from its host cells, HIV hijacks a higher proportion of phosphatidylserine than of other lipids from their plasma membrane (41) which could be responsible for its capture together with apoptotic particles. However, this is unlikely to happen since there was no correspondence at all between the amount of captured particles and the possible presence of virus in samples from HIV-infected subjects with CD4 ϩ T cell count below 50 cells/mm 3 . Circulating particles in control subjects, are certainly not stemming only from CD4 ϩ T cells. For instance, we (Hugel, B., T. Vu, G. Socié, M.L. Scrobohaci, J.M. Freyssinet, unpublished results) and other authors (42) have been able to detect platelet (micro)particles. Control experiments with soluble anti-CD4 mAb and insolubilized mAb to platelet GP Ib enable to assume that in healthy subjects up to 25% of annexin V-captured membrane particles may stem from CD4 ϩ T cells while up to 50% may be of platelet origin. Therefore, it seems reasonable to assume that basal levels of circulating particles of various tissue origin reflect a balance between cell proliferation, stimulation, and death, in which they transiently escape pure destruction, phagocytosis, and confinement by specific adhesion. Destruction by phospholipases is one of the probable mechanisms, especially by secretory phospholipase A2 which finds its aminophospholipid substrates in shed membrane particles to generate lysophosphatidic acid, a novel lipid proinflammatory mediator (43) . Phosphatidylserine-dependent phagocytosis has already been discussed in the introduction. Particles could be involved in the exchange of membrane antigens and biological information when shed from a particular cell type and being involved in an interaction with another cell type through specific adhesion molecules (44) .
In individuals presenting disorders suspected to be associated with enhanced rates of programmed cell death, the increase of circulating particles would precisely reflect apoptosis in cells from which they originate. For instance, in addition to HIV infection, we have measured high amounts of circulating particles in blood samples from patients with aplastic anemia (Hugel, B., T. Vu, G. Socié, M.L. Scrobohaci, J.M. Freyssinet, unpublished results), another situation where programmed cell death is thought to occur at a high degree (1) . Idiopathic CD4 ϩ T lymphocytopenia (45) would also be worth examining in this respect. In HIV ϩ subjects, the increased susceptibility of PBMCs to apoptosis has been evidenced in cultured isolated cells (19, (46) (47) (48) (49) , and that of CD4 ϩ and CD8 ϩ T cells by in situ labeling of lymph nodes obtained by biopsy (19). An in vivo sustained emission of membrane fragments bearing accessible phosphatidylserine and having a greater ability to diffuse with respect to cells could explain the occurrence of phosphatidylserine-binding antibodies in HIV-1-infected individuals whose T cells showed increased in vitro apoptosis (50) .
From these in vitro and in vivo observations, we propose that the membrane particles shed from cells undergoing apoptosis can be considered one of the hallmarks of programmed cell death, of particular interest when such cells are hardly accessible. This parameter should prove to be useful for the assessment of the potential of pharmacological agents capable of interfering in programmed cell death.
